ABSTRACT Polyploid cancer cells exhibit chromosomal instability (CIN), which is associated with tumorigenesis and therapy resistance. The mechanisms that induce polyploidy and how these mechanisms contribute to CIN are not fully understood. Here we evaluate CIN in human cells that become polyploid through an experimentally induced endoreplication cycle. When these induced endoreplicating cells (iECs) returned to mitosis, it resulted in aneuploidy in daughter cells. This aneuploidy resulted from multipolar divisions, chromosome missegregation, and failure in cytokinesis. The iECs went through several rounds of division, ultimately spawning proliferative cells of reduced ploidy. iECs have reduced levels of the kinesin-14 HSET, which likely accounts for the multipolar divisions, and overexpression of HSET reduced spindle multipolarity. However, HSET overexpression had only mild effects on CIN, suggesting that additional defects must contribute to genomic instability in dividing iECs. Overall our results suggest that transient endoreplication cycles generate a diverse population of proliferative aneuploid cells that have the potential to contribute to tumor heterogeneity.
INTRODUCTION
Proper regulation of the cell cycle is critical for normal development and to prevent aneuploidy. Most cells undergo a canonical cell cycle in which rounds of DNA synthesis (S) and mitosis (M) occur with intervening gap (G) phases. However, some cells undergo alternative cell cycles composed of periodic S phases in the absence of a complete mitotic division, termed endoreplication, leading to polyploid cells (Fox and Duronio, 2013; Schoenfelder and Fox, 2015) . One type of alternative cell cycle is called the endocycle, in which cells undergo rounds of G/S, and M phase is skipped. Alternatively, cells can become polyploid through endomitosis, in which cells enter but do not complete mitosis. Both types of endoreplication cycles are a normal part of development in some cell types-for example, hepatocytes and trophoblast giant cells (Zybina et al., 1975; Klisch et al., 2005 ; Celton-Morizur and Desdouets, 2010)-or can occur as an adaptation to stress responses (Fox and Duronio, 2013) . Some cells that enter a natural endoreplication cycle are resistant to apoptosis, suggesting that endoreplication causes genotoxic stress that requires a shutdown of the apoptotic response to DNA damage (Mehrotra et al., 2008; Hassel et al., 2014; Zhang et al., 2014) . Alternatively, it may be that high polyploidy itself is a buffer against stress.
For most naturally endoreplicating cells, the polyploid state is considered irreversible (Fox and Duronio, 2013) . However, there are instances in which polyploid cells do divide. For example, Drosophila rectal papillae and mouse polyploid hepatocytes undergo polyploid mitoses, which lead to error-prone division and aneuploidy (Duncan et al., 2010; Fox et al., 2010) . In addition, Drosophila induced endocycling cells, generated either by knockdown of cyclin A or overexpression of Cdh1, can return to mitosis (RTM) but undergo an errorprone division (Hassel et al., 2014) . Several previous studies ally return to a near-triploid genome content over multiple divisions. The kinesin-14 HSET, which is important in centrosome clustering (Kwon et al., 2008; Ganem et al., 2009) , is down-regulated in iECs, and overexpression of HSET partially rescues spindle multipolarity and reduces genomic heterogeneity in the iEC daughter cells. These findings support the idea that RTM after transient endoreplication may be an underappreciated aspect of tumorigenesis and provide a novel inroad to identification of new therapeutic strategies.
RESULTS

Establishing an efficient system to induce polyploidy through endoreplication
To evaluate the consequences of RTM for polyploid endoreplicating cells, we sought to generate a robust system to induce cells to undergo transient endoreplication. Previous studies demonstrated that multiple cell cycle kinase inhibitors were able to induce polyploidy in vitro (Usui et al., 1991; Verdoodt et al., 1999; Lannutti et al., 2005; Gizatullin et al., 2006; Zhu et al., 2011) . We incubated HeLa cells for various amounts of time with a series of kinase inhibitors and measured DNA content by fluorescence-activated cell sorting (FACS) to identify inhibitors that could induce polyploidy efficiently and consistently ( Figure 1 ). Note that HeLa cells normally have 75-82 chromosomes, which is a near-triploid DNA content, but which in the literature is referred to as 2C/4C DNA content. Flow cytometry analysis on HeLa cells stained with propidium iodide revealed that addition of dimethyl sulfoxide (DMSO) did not alter the DNA content profile, whereas addition of RO3306, a Cdk1 inhibitor (Vassilev et al., 2006) , or SU6656, a Src kinase inhibitor (Blake et al., 2000) and a potent Aurora B inhibitor (Bain et al., 2007) , induced many polyploid (≥8C) cells (Figure 1, A and B) . Many cells with high ploidy also have a larger nuclear size (Comai, 2005; Zhu et al., 2011) . We used high-throughput microscopy to visualize nuclear morphology in HeLa cells after drug treatment. Consistent with the FACS data, a quantitative analysis of nuclear size demonstrated that the average nuclear size in RO3306-or SU6656-treated HeLa cells increased significantly compared with control HeLa cells (Figure 1, C and D) .
Three general mechanisms of polyploidization have been described: cell fusion, mitosis/cytokinesis failure, and endoreplication (Fox and Duronio, 2013) . Because RO3306 and SU6656 are kinase inhibitors that may prevent proper mitosis and FACS revealed quantum doublings of genome content, we postulated that drug-treated cells underwent endoreplication (Zhu et al., 2011) . To test this idea, we synchronized HeLa cells with thymidine to arrest the cells in S phase and then imaged live cells for ∼30 h after drug addition to visualize morphological changes during polyploidization ( Figure  2A ). At the drug concentrations used in this study, there was a low level of cell death (<1% for RO3306 and 9% for SU6656), consistent with the small <2C population in the FACS data. Analysis of the behavior of individual cells showed that unlike control cells, cells treated with RO3306 or SU6656 did not divide (Figure 2 , B-D, and Supplemental Video S1). In RO3306-treated HeLa cells, we never saw mitotic rounding, the nuclear envelope never broke down, and the nuclei were larger and oval shaped, all features indicative of the endocycle (Supplemental Video S1). In contrast, most SU6656-treated HeLa cells did round up, a hallmark of mitosis, but then reflattened without dividing. After flattening, the nuclei were multilobed or multinucleated in these cells (Figure 2 , C and D, and Supplemental Video S1), consistent with previous studies (Zhu et al., 2011) .
To further evaluate whether SU6656-treated HeLa cells showed mitotic features, we categorized cell morphology during time-lapse suggested that human or mouse cells can also switch to a developmental-like endoreplication cycle through cell cycle perturbation (Trakala et al., 2015) , response to radiation (Erenpreisa et al., 2008) , or drug treatment (Puig et al., 2008) . In some instances, the divisions of these cells result in aneuploidy, which potentially is linked to tumorigenesis (Wheatley, 2008; Davoli et al., 2010; de Lange, 2011, 2012; Vitale et al., 2011) .
There are many examples of human cancers that contain polyploid cells, and polyploidy in tumors is associated with poor prognosis (Storchova and Pellman, 2004; Davoli and de Lange, 2011) . What is not clear is the spectrum of mechanisms by which cells become polyploid in tumors and whether high levels of polyploidy arise from an inappropriate switch to endoreplication. There is growing evidence that genome amplification is correlated with aneuploidy and genomic instability and that most tumors have undergone genome doubling at some point in their lifetime (Zack et al., 2013; Dewhurst et al., 2014) . Computational modeling and analysis of a large number of tumor samples demonstrated that many cancers evolve to a near-triploid state (Laughney et al., 2015) , suggesting that higher ploidy may provide a selective advantage to tumor cells for their growth and survival.
A major question is whether human induced endoreplicating cells (iECs) that undergo RTM have higher levels of chromosomal instability (CIN). It has been demonstrated that tetraploid cells that arise from cytokinesis failure (Fujiwara et al., 2005) or from mitotic slippage caused by telomere erosion in p53− cells (Davoli and de Lange, 2012 ) have a high propensity for CIN, which generates diverse aneuploidy and promotes tumorigenesis (Davoli and de Lange, 2011) . In contrast, polyploid (≥8C) mouse hepatocytes can go through genomic reductive divisions to generate genetic diversity that is favorable in response to nutritional stresses (Duncan et al., 2010) . This suggests that RTM after transient endoreplication represents a bona fide alternative cell cycle oscillator that is fundamentally different from mitotic slippage and may represent an alternative cell proliferation strategy that can generate massive aneuploidy and yet maintain cell survival. However, important unanswered questions are whether RTM in polyploid endoreplicating cells leads to sustainable proliferation and what the genome content and fates are of these individual daughter cells.
A major challenge for RTM in polyploid cells is that they often contain supernumerary centrosomes, which lead to the formation of multipolar spindles and potential multipolar divisions. In normal diploid cells and even in tetraploid cells, multipolar divisions usually result in cell death because the genomic material is distributed among three or more daughter cells, causing a detrimental loss of genome content. To overcome this problem, tetraploid cells cluster centrosomes to bypass the transient multipolar spindle stage and form bipolar spindles that divide into only two daughter cells (Ganem et al., 2009) . In contrast, polyploid mouse hepatocytes undergo multipolar divisions that quarter or halve their genome content (Duncan et al., 2010) , which is postulated to avoid aneuploidy and cell death. These findings suggest that there may be a fundamental difference in the divisions of tetraploid cells versus higherploidy cells. Another major question is how cells undergoing polyploid mitosis avoid the detrimental effects of multipolar divisions and apparently tolerate massive aneuploidy.
Here we investigate RTM of polyploid (≥8C) cultured human cells after induction of transient endoreplication and the resulting effects on genomic stability and cell fate. We demonstrate that these polyploid cells have frequent multipolar spindles and errorprone chromosome segregation, resulting in aneuploidy. Only a fraction of iEC daughter cells can survive and proliferate and gradu-(Supplemental Figure S1) , consistent with the idea that Cdk1 is an important mediator in the choice between endocycle and endomitosis. These drug-induced phenotypes were not limited to HeLa cells, as similar results were obtained with the breast cancer cell line MDA-MB-231 (Supplemental Figure  S2 and Supplemental Video S3). Furthermore, treatment of the p53 + diploid HCT-116 cell line with either drug also induced the accumulation of polyploid cells (Supplemental Figure S3A ), albeit with less efficiency. This effect was not limited to tumor-derived cells, as treatment of telomerase-immortalized RPE-1 cells with either RO3306 or SU6656 also induced the accumulation of cells with ≥8C DNA content (Supplemental Figure  S3B) ; however, there was also a larger population of <2C cells in this cell line, especially when treated with 6 μM SU6656 (unpublished data), suggesting that non-tumorderived cells are more likely to apoptose. Taken together, our results show that we have established an efficient system to induce switching to an alternative cell cycle that undergoes repeated genome duplication without cell division, providing us with a model with which to explore the consequences of cell division in these iECs. Because treatment of cells with SU6656 reproducibly resulted in the highest percentage of endoreplicating cells, we used this treatment for the studies described here.
Return to mitosis is coupled with mitotic defects and genomic instability Previous work in Drosophila showed that polyploid iECs could resume mitosis after the induction signal was removed (Hassel et al., 2014) . To test whether human iECs can return to mitotic divisions, we synchronized cells with thymidine, treated them with SU6656 for 48 h, and then used time-lapse phase contrast imaging to examine cells after drug washout (Figure 4, A and B, and Supplemental Video S4) . We found that HeLa iECs could return to mitosis and that the resulting iEC daughter cells can further divide (Figure 4 , B and C). We then used high-throughput microscopy to monitor the morphological change of iECs at 7-16 h after drug washout, and we found that ∼32% of iECs entered mitosis but only 10% successfully divided. The majority of successful divisions (87%) resulted in two daughter cells of unequal size, suggesting that they underwent asymmetric cell division ( Figure 4D ). Of the cells that failed division, approximately one-half flattened without undergoing cell division, which we scored as mitotic failure, one-third arrested in mitosis, and the rest underwent cell death ( Figure 4D ). Many of these cells died after attempting cell division, as evidenced by cell rounding, suggesting that they underwent mitotic catastrophe.
To gain insight into the underlying causes of the asymmetric cell divisions, we used superresolution microscopy to examine spindle structure and kinetochore distribution in the daughter cells. We found that all mitotic iECs had multipolar spindles in prometaphase ( Figure  5A ), and many of the anaphase cells had lagging chromosomes microscopy and located the time window for which most SU6656-treated cells were in a rounded state ( Figure 2D ). Immunofluorescence detection of DNA and microtubules revealed that control DMSO-treated HeLa cells showed all stages of mitosis, whereas SU6656-treated HeLa cells showed exclusively early mitotic stages from prophase to metaphase (Figure 3, A and B) , supporting the idea that most SU6656-treated HeLa cells enter mitosis but do not undergo the metaphase/anaphase transition or cytokinesis. These results indicate that SU6656-treated HeLa cells undergo endomitosis, a specific form of endoreplication in which cells enter but do not complete mitosis or divide. To confirm this observation, we used time-lapse microscopy to track chromosome behavior in HeLa cells expressing fluorescently labeled histones ( Figure 3C ). In control DMSO-treated cells, the chromosomes condensed, aligned at the spindle equator, and then segregated to the daughter cells within ∼1.5 h. In contrast, in SU6656-treated HeLa cells, chromosomes condensed and eventually decondensed without chromosome disjunction or cell division ( Figure 3C and Supplemental Video S2), confirming that SU6656 treatment induces HeLa cells to enter endomitosis. We found that high concentrations of RO3306 induced endocycles, whereas lower concentrations induced endomitosis somes in the midzone signal the no-cut checkpoint that contributes to cytokinesis failure (Agromayor and Martin-Serrano, 2013) . Consistent with our fixed analysis of cells, time-lapse imaging also revealed an unequal and highly variable distribution of kinetochores between daughter cells, suggesting that these polyploid divisions result in a high level of CIN ( Figure 5J ). Together these findings show that iEC divisions often result in two daughter cells of unequal sizes due to a failure in cytokinesis.
To quantitatively evaluate chromosome missegregation rate, we used fluorescence in situ hybridization (FISH) to analyze the distributions of chromosome 2 and 7 in daughter cells that were in either late anaphase/telophase or early G1 (Figure 6, A and B) . In control daughter cells, the mean number of chromosome 2 or 7 was three, consistent with HeLa cells being near triploid. In contrast, in iEC daughter cells, the mean number of chromosome 2 or 7 was seven, ( Figure 5B), which likely evolved into the chromosome bridges that we observed during telophase ( Figure 5C ). Quantification of kinetochore numbers in iEC daughter cells showed that chromosome segregation was highly asymmetric, resulting in a wide variation in chromosome number among daughter cells ( Figure 5 , C-F). These cells also had micronuclei, which is another hallmark of CIN (unpublished data). These findings support the idea that RTM after transient endoreplication is highly error-prone and results in asymmetric distributions of chromosomes, leading to aneuploid daughter cells. The prevalence of multipolar spindles in early mitosis and multiple anaphase/telophase structures in late mitosis suggests that iECs undergo multipolar division during RTM. However, these observations apparently contradicted our high-throughput data showing that most iECs divided into only two daughter cells.
To resolve this contradiction, we used time-lapse confocal microscopy to image mitotic HeLa iECs expressing green fluorescent protein (GFP)-CENP-A and GFP-γ-tubulin during RTM (Figure 5, G and H, and Supplemental Video S5) . Whereas all mitotic iECs initiated multipolar division, the majority (∼90%) of these divisions ultimately resulted in only two daughter cells. We did not observe frequent clustering of centrosomes into bipolar spindles. Instead, cells initially divided into multiple daughter cells, but frequent cytokinesis failure and furrow regression resulted in only two daughter cells of uneven chromosome number. There was a positive correlation between cells that failed cytokinesis and the presence of GFP-CENP-A dots near the spindle midzone ( Figure 5I ), suggesting that chromo- One concern was that a small percentage of cells with 2C/4C DNA content might be present in the 8C population after sorting and that these cells grew while the polyploid cells died. To evaluate this possibility, we used automated microscopy to analyze colonies of cells and the iEC daughter cells had a much broader range of copy numbers for these chromosomes ( Figure 6C ). In addition, we calculated the chromosome missegregation rate by determining the percentage of cells that had an unequal distribution of these chromosomes in the daughter nuclei at telophase/early G1. In control cells, only ∼5% of the cells had unequal numbers of chromosomes ( Figure 6D ), whereas in the polyploid cells, >95% of the daughter cells had unequal numbers of chromosomes. Together these results show that polyploid (≥8C) iECs can resume mitotic divisions after drug withdrawal but that these divisions are aberrant and result in daughter cells with high levels of aneuploidy.
iEC daughter cells proliferate and reduce genome content over successive divisions High CIN during polyploid mitosis results in massive aneuploidy in the daughter cells. One prevailing theory is that polyploid cells can return to a diploid state after only one cell division, a process called ploidy reversal (Duncan et al., 2010) . To test whether iECs that resumed mitosis reduced their ploidy, we used FACS to isolate polyploid iECs (≥8C) and then recultured them in drug-free medium. The iECs resumed cell division, and their daughters also continued to divide, although they grew more slowly than control cells ( Figure  7A ). Over these subsequent divisions, the cells reduced their ploidy ( Figure 7B ), and by day 10-14, their DNA profile was similar to that of control HeLa cells ( Figure 1B) , indicating that the ploidy of iEC daughter cells continues to decline over successive cell divisions. cells with a single thymidine block, treated cells with DMSO or SU6656 for 48 h, released the cells into medium containing nocodazole, incubated for an additional 14 h to accumulate cells in mitosis, and performed Western blot analysis. HSET is highest during mitosis, as evidenced by the increased HSET signal in nocodazole-treated cells, but its levels were much lower in nocodazoletreated HeLa iECs ( Figure 8A ). To ask whether overexpression of HSET can rescue spindle multipolarity during RTM, we used a HeLa cell line that overexpresses GFP-HSET to various levels. We found that mitotic polyploid cells with overexpressed HSET had fewer poles than did control mitotic iECs ( Figure 8B ), suggesting that HSET overexpression reduces the extent of spindle multipolarity. Moreover, immunofluorescence analysis of GFP-HSET expression in mitotic iECs revealed that HSET protein levels were negatively correlated with the number of spindle poles (Figure 8, C and D) . Consistent with this observation, levels of HSET during RTM in nocodazole-treated iEC daughter cells were restored to levels in control nocodazole-treated cells (Supplemental Figure S4A) . These results suggest that deficits in HSET contribute to high levels of multipolar spindles during iEC RTM.
To address whether HSET overexpression reduces aberrant divisions in polyploid cells, we used time-lapse microscopy to visualize cell division of HeLa iECs expressing GFP-HSET after drug washout (Supplementary Figure 4B and Supplemental Video S6). To follow the fate of a larger number of cells, we used high-throughput microscopy of HeLa iECs expressing GFP-HSET at 9-16 h after drug washout, and which showed that ∼50% of these cells entered mitosis. Of those cells, 28% successfully completed division, with the majority of them (85%) dividing into two daughter cells (Supplemental Figure S4C) , similar to what we previously observed for iEC RTM. The distribution of fates of the cells that failed division was also similar between polyploid HeLa cells that did or did not overexpress GFP-HSET (Supplemental Figure S3C) .
It was shown previously that multipolar spindles that cluster their centrosomes cause an increase in merotelic attachments, leading to defects in chromosome segregation (Ganem et al., 2009; Thompson and Compton, 2011) . To ask whether HSET overexpression altered chromosome missegregation, we used FISH to analyze the distribution of chromosomes 2 and 7 (Supplemental Figure S4 , D and E). We found that there was no significant difference in the mean number of these chromosomes per daughter cell between GFP-HSETexpressing and control HeLa cells during RTM ( Figure 8E ). Surprisingly, there was a small but statistically significant reduction (p < 0.01) in the heterogeneity of the distribution of these two chromosomes among daughter cells ( Figure 8E ). When looking at the distribution of chromosomes between pairs of daughters from the same division, we found that HSET overexpression resulted in a small but statistically significant reduction in the percentage of cells with missegregated chromosomes 2 and 7 ( Figure 8F , p < 0.01). Taken together, these results support the idea that overexpression of HSET partially rescues multipolarity and chromosome missegregation defects during iEC RTM but that down-regulation of other genes in iECs must also contribute to aneuploidy generation in daughter cells, since GFP-HSET overexpression was not sufficient to fully restore spindle bipolarity or chromosome segregation to control levels.
DISCUSSION
Our results show that transient endoreplication generates polyploid (≥8C) cells that can return to error-prone division, which can cause severe genome instability by spawning proliferative aneuploid cells. Although polyploid iECs assemble multipolar spindles that begin to by imaging the cells daily over a 9-d period. We found that 42% of the polyploid cells divided and grew into individual colonies ( Figure  7C ). Together our results suggest that 8C iECs and their daughters can proliferate, and, contrary to previous models, iECs reverse their ploidy gradually over multiple divisions.
To further address the process of ploidy reversal, we fixed cells on different days after drug withdrawal and quantified kinetochore number ( Figure 7D ). Consistent with our DNA content analysis, we found that the average kinetochore number in iEC daughter cells gradually decreased over successive divisions from 366 to 120 kinetochores/cell. We further examined the heterogeneity of this ploidy reduction by quantifying kinetochore number per cell among sister cells in single colonies. This analysis showed that sister cells from the same iEC mother cell have a large variance in the numbers of kinetochores ( Figure 7E ), further indicating that iEC return to mitosis results in high levels of unequal genome content among daughter cells.
HSET overexpression reduces the extent of mitotic defects in iECs
In Drosophila endocycling cells, transcription is down-regulated for many mitotic genes, including spindle assembly factors, such as the Drosophila kinesin-14 orthologue non-claret disjunctional (ncd; Maqbool et al., 2010) . The human kinesin-14, HSET, is important for clustering of multiple centrosomes in cells that have undergone centrosome amplification (Kwon et al., 2008) . We hypothesized that down-regulation of HSET in iECs could be responsible for the increase in the observed multipolar spindles. To ask whether HSET protein is down-regulated in mitotic iECs, we synchronized HeLa 
Cell cycle perturbation can induce polyploidy
The responses of cells to cell cycle perturbation are highly heterogeneous, including cell cycle arrest, mitotic slippage, or cell death. For example, DNA-damaging agents, cell cycle kinase inhibitors, and antimicrotubule agents can induce polyploidization or mitotic slippage (Roberts et al., 1990; Verdoodt et al., 1999; Erenpreisa et al., 2005 Erenpreisa et al., , 2008 Puig et al., 2008) . It is clear from our work that cells can be induced into variant cell cycles, resulting in high ploidy with a low level of cell death. Recent studies indicate that mitotic failure is usually followed by p53-dependent cell cycle arrest or cell death through Hippo pathway activation (Ganem and Pellman, 2012; Ganem et al., 2014) . In contrast, we found that p53 + HCT-116 cells underwent endoreplication upon RO3306 or SU6656 treatment rather than becoming arrested at a tetraploid state, indicating that endoreplication may be an alternative by which cells avoid mitotic catastrophe. In addition, our data demonstrate that most cell death occurs after iECs return to mitosis rather than upon the initial treatment with the drug. Endocycling cells can have a higher apoptosis threshold (Zheng et al., 2012) and tolerate high levels of DNA damage (Ullah et al., 2008 (Ullah et al., , 2011 Davoli and de Lange, 2011) . In Drosophila, naturally occurring and induced endocycling cells do not apoptose in response to genotoxic stress, because they repress the p53 pathway (Mehrotra et al., 2008; Hassel et al., 2014; Zhang et al., 2014) . Furthermore, the DNA damage response network is up-regulated to prevent damage responses in induced endoreplicating mouse embryonic fibroblasts, which may also explain how endocycling cells can have a higher apoptotic threshold (Zheng et al., 2012) . Together these studies support the idea that variant cell cycles, such as those that occur with endoreplication, may be an important but underappreciated contributor to cell survival and genomic instability.
One unanswered question is how cells choose to undergo the endocycle versus endomitosis. In some cases, this is a developmental choice. For example, trophoblast giant cells in mammals and salivary gland cells in Drosophila both strongly repress CDK1 function and have oscillations of Cdk2/cyclin E alternating with APC/Cdh1 (Palazón et al., 1998; Hattori et al., 2000; Edgar and Orr-Weaver, 2001 ). In contrast, megakaryocytes become polyploid through endomitosis (Jackson, 1990 ) due, at least in part, to lowered levels of Cdk1/cyclin B (Ravid et al., 2002) . Our finding that high concentrations of RO3306 induced endocycles whereas lower concentrations induced endomitosis suggests that Cdk1 is an important mediator in the choice between endocycle and endomitosis. Together these results support the idea that endocycle and endomitosis are variations on a undergo multipolar anaphase during RTM, frequently there are lagging chromosomes in the cytokinetic furrow, which result in a failure in cytokinesis. This can lead to two daughter cells with very different genome contents. iECs returning to mitosis had lower levels of HSET, and its overexpression partially rescued spindle multipolarity in dividing iECs, consistent with its known role in centrosome clustering. However, HSET expression led to only a modest reduction in CIN, which suggests that additional down-regulated genes in iECs likely contribute to CIN during RTM. Taken together, our studies provide a model for understanding the mechanisms by which alternative cell cycles lead to the development of polyploidy and how these error-prone divisions ultimately lead to genomic instability. clustering centrosomes into two poles leads to defects in cell division due to improper kinetochore-microtubule attachments that form on the transient multipolar spindles (Ganem et al., 2009) . Our data support the idea that polyploid cells have increased levels of multipolarity and a failure in centrosome clustering compared with dividing tetraploid cells, potentially amplifying the extent of kinetochore-microtubule malattachments (Fujiwara et al., 2005) . Consistent with this idea, we found that HSET was down-regulated in iECs and that HSET overexpression reduced the extent of spindle multipolarity. Furthermore, our observations suggest that the increase in malattached kinetochores in polyploid cells may lead to increased lagging chromosomes that result in cytokinesis failure. Indeed, the kinesin-14 ncd was among the genes down-regulated in Drosophila endocycling cells, and our present findings support the idea that the human kinesin-14, HSET, may also be an important player in the fidelity of chromosome segregation during RTM of polyploid cells. Previous studies also showed that a similar group of mitotic genes are down-regulated in Drosophila and mouse endocycling cells (Maqbool et al., 2010; Chen et al., 2012; Pandit et al., 2012 ). An attractive model is that this lower level of mitotic gene expression contributes to the multiple defects in spindle formation, chromosome segregation, and cytokinesis when endoreplicating cells return to mitosis.
One interesting observation is that upon RTM, the iECs return to a chromosomal number similar to that of the initial starting population, suggesting that these polyploid cells undergo divisions that reduce genome content. Such reductive genomic divisions were first described in tetraploid fibroblasts and have subsequently been found in various cell types (Duncan et al., 2010; Fox et al., 2010; Hassel et al., 2014; Schoenfelder et al., 2014) . Previous studies concluded that multipolar cell divisions in mouse polyploid hepatocytes resulted in one-step ploidy reversal to progeny with halved or quartered genome content (Duncan et al., 2010) . Consistent with this observation, we found that our iECs feature multipolar spindles and undergo a multipolar anaphase. However, due to cytokinesis failure, iEC RTM usually resulted in two or three daughter cells of different sizes and DNA contents. Kinetochore analysis of the first-generation progeny in these cells showed highly variable levels of chromosomes in the resulting daughter cell nuclei, suggesting that ploidy reversal is not a one-step process in the iECs. In addition, our FACS data suggest that ploidy reversal occurs over successive cell divisions, ultimately resulting in a DNA content that is similar to that in control cells. Of interest, it was continuum with different degrees of repression of the mitotic kinase oscillators.
Down-regulation of key mitotic players may lead to defective chromosome segregation and cytokinesis
The kinesin-14 HSET is essential for centrosome clustering in cells with centrosome amplification (Kwon et al., 2008) . In tetraploid cells, Polyploid mitosis could contribute to cancer relapse CIN followed by selection of aneuploid cells is proposed to play a major role in tumorigenesis (Storchova and Pellman, 2004; Fujiwara et al., 2005; Weaver et al., 2007; Williams et al., 2008; Davoli and de Lange, 2011; Varetti and Pellman, 2012; Silk et al., 2013) . Our data suggest that transient iECs are a potent contributor to CIN and aneuploidy, suggesting that transient iECs may contribute to tumorigenesis. It is well known that many cancers are polyploid and that polyploidy often correlates with poor prognosis (Davoli and de Lange, 2011 ), but it is not clear what the mechanistic link is between these observations. Some studies suggest that polyploidy invariably leads to senescence or apoptosis (Verdoodt et al., 1999) , consistent with our observation that a fraction of polyploid cell divisions result in cell death. It is well established that many chemotherapeutic agents target the cell cycle, resulting in a failure in cell cycle progression and a triggering of apoptosis. However, we propose that a fraction of the cells escape apoptosis and instead enter the alternative cell cycle state of endocycle or endomitosis (Figure 9 ). When cells undergo endoreplication, they are resistant to genotoxic stress, such as would be caused by radiation therapy. Thus a transient switch to endoreplication could provide a mechanism for therapy resistance. On discontinuation of the chemotherapy, these transient iECs would be competent to resume mitotic divisions, which are highly error-prone. In this sense, error-prone RTM would elevate rates of genome instability, with microselection of proliferative aneuploid daughters contributing to tumor regrowth. Taken together, our findings support the idea that a return to mitosis by polyploid iECs may be an underappreciated aspect of tumorigenesis and provide a novel inroad into the identification of new therapeutic strategies.
MATERIALS AND METHODS
Cell culture and drug treatment
Breast cancer cells (MDA-MB-231), cervical cancer cells (HeLa), colon carcinoma cells (HCT-116), and human RPE-1 cells (hTERT-RPE-1) were grown in DMEM-complete (DMEM [Invitrogen, Carlsbad, CA] supplemented with 10% fetal bovine serum, 2 mM l-glutamine, and 50 mg/ml penicillin/streptomycin [Invitrogen]) at 37°C and 5% CO 2 . HeLa cells expressing GFP-CENP-A and GFP-γ-tubulin, HeLa cells expressing GFP-H2B, and HeLa cells expressing GFP-HSET were constructed as described previously (Cai et al., 2009) .
The cell cycle kinase inhibitors RO3306 (Invitrogen) and SU6656 (Cayman Chemical, Ann Arbor, MI) were dissolved in tissue culturegrade DMSO and used at a final concentration of 3 or 6 μM, with the final concentration of DMSO in the medium at no more than 0.15%. Thymidine (Sigma-Aldrich, St. Louis, MO) was used at a final concentration of 2 mM for thymidine block, and monastrol was used at a final concentration of 100 μM overnight.
Live-cell imaging
For analyzing the response of cells to drug treatments, HeLa cells, HeLa cells expressing GFP-HSET, or MDA-MB-231 cells were plated at cell densities of 4 × 10 4 cells/ml in MatTek plates (MatTek, Ashland, MA) and incubated at 37°C and 5% CO 2 for 24 h to allow the cells to attach to the plate. Cells were synchronized with 2 mM thymidine recently shown in an analysis of tumors with numerical CIN that both diploid and tetraploid chromosomal populations converged on a near-triploid DNA content, suggesting that there is likely some type of selective advantage to maintaining a certain level of aneuploidy (Laughney et al., 2015) .
Consequence of CIN after transient endoreplication
A potential shortcoming of genome reductive mitosis is that mitotic cells do not have enough genome content to buffer the deleterious effects of the massive aneuploidy that occurs in these divisions. Multipolar cell divisions in cells with excess centrosomes typically result in low viability of the progeny (Ganem et al., 2009) . In contrast, the kinetochore distribution analysis of our polyploid cells suggests that progeny from these divisions have a larger number of kinetochores and thus likely have a higher probability to have at least one complete set of chromosomes. In addition, the high cytokinesis failure rate during RTM in polyploid cells results in only two or three daughter cells, decreasing the probability of cells containing incomplete chromosomal complements incompatible with life. Our studies also show that iEC daughters undergo multiple rounds of division to ultimately reduce the genome, but the fraction of cells that ultimately survive is not known. A future goal will be to assess the precise mechanisms by which polyploid cells return to a near-triploid state.
Aneuploidy after RTM in polyploid cells after transient endoreplication may lead to karyotype evolution and selective cellular advantage. Our FISH analysis of chromosomes 2 and 7 demonstrated that the chromosomes are not evenly distributed into daughter cells during polyploid divisions, suggesting that these cells have high levels of CIN and a different chromosome composition from the original cell population. It has been proposed that high levels of CIN allow for selective advantages in the subsequent daughter cells due to the selection of certain favorable chromosomal complements (Duncan, 2013) . In contrast, error-prone divisions in tetraploid cells usually lead to loss or gain of only a few chromosomes in daughter cells, resulting in subclones with accumulated mutations (Storchova and Pellman, 2004; Fujiwara et al., 2005) . A more striking example is that the aneuploid daughters that arise after polyploid divisions in mouse hepatocytes quickly adapt to external stress (Duncan et al., 2012) . A future goal will be to understand whether and how these polyploid divisions lead to favorable karyotypes and the underlying molecular mechanisms that govern this selection.
FIGURE 9: Model. After treatments that perturb cell cycle progression, a fraction of the cells escape apoptosis and instead enter the alternative cell cycle state of endoreplication (endocycle/endomitosis). Switching to endoreplication may provide a mechanism for therapy resistance. On discontinuation of the perturbation, many cells die, but a fraction of these polyploid cells resume mitotic divisions, which are highly error-prone, contributing to tumor heterogeneity and leading to cancer relapse.
X-100) for 2 min. Cells were then blocked in Abdil-Tx (TBS-TX, 2% bovine serum albumin, and 0.1% NaN 3 ) for 30 min at room temperature or overnight at 4°C. Cells were stained with antibodies against α-tubulin DM1α (1:1000; Sigma-Aldrich) and diluted in Abdil-Tx for 30 min at room temperature. Cells were subsequently stained with 1.0 μg/ml donkey anti-rabbit Alexa Fluor 488 (Invitrogen) or donkey anti-mouse Texas Red (Jackson ImmunoResearch Laboratories, West Grove, PA) . Fixed cells were stained with 2 μg/ml Hoechst (Sigma-Aldrich) for 5 min in TBS-TX to visualize DNA, mounted in ProLong Gold (Invitrogen), sealed with nail polish, and stored at −20°C until use.
To visualize spindle structures during return to mitosis, HeLa GFP-CENP-A and GFP-γ-tubulin cells were plated on six-well plates with coverslips at 4 × 10 4 cells/ml and incubated at 37°C and 5% CO 2 for 24 h. Cells were synchronized with 2 mM thymidine for 24 h, treated with 6 μM SU6656 for 48 h, washed twice with drug-free DMEM, and incubated in drug-free DMEM-complete for 12 h. At 12 h after drug washout, cells were rinsed with MTSB buffer (4 M glycerol, 100 mM 1,4-piperazinediethanesulfonic acid, pH 6.8, 1 mM ethylene glycol tetraacetic acid, 5 mM MgCl 2 ) for 2 min, extracted with MTSB plus 0.5% Triton X-100 for 2 min, and rinsed with MTSB buffer again for 2 min. Cells were then fixed with 1% glutaraldehyde in PBS for 10 min at room temperature and quenched by two rinses of 10 min each in freshly prepared 0.5 mg/ml NaBH 4 in PBS buffer and processed for immunofluorescence as described.
For Western blot, HeLa cells were plated at cell density of 4 × 10 4 cells/ml in 10-cm culture dishes and incubated at 37°C and 5% CO 2 for 24 h to allow the cells to attach to the plate bottom. Cells were then incubated with fresh medium with 0.15% DMSO or 6 μM SU6656 and incubated for 48 h. To collect unsynchronized/mitotic cells, cells were rinsed twice in drug-free DMEM and incubated with drug-free DMEM-complete or treated with DMEM-complete with 100 ng/ml nocodazole overnight. To collect unsynchronized/mitotic iEC daughters, cells were rinsed in drug-free DMEM twice, incubated with drug-free DMEM-complete for 7 d, and then treated with 100 ng/ml nocodazole overnight. HeLa cells were collected, counted, lysed in RIPA buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1.0% NP-40, 0.1% SDS, 0.1% Triton X-100, phenylmethylsulfonyl fluoride, and 10 μg/ml LPC [10 μg/ml leupeptin, pepstatin, and chymostatin]), and sonicated to shear the DNA. Lysed cells were then mixed with 2× sample buffer (4% SDS, 20% glycerol, 0.12 M Tris, pH 6.8, 1% bromophenol blue, and 4% β-mercaptoethanol) at a final cell density of 2500 cells/μl and then loaded on a 10% SDS-polyacrylamide gel and transferred to BioTrace-NT nitrocellulose (Pall Life Sciences, New York, NY). The blots were blocked with 5% nonfat dry milk in TBS-T (20 mM Tris, 150 mM NaCl, pH 7.5, 0.1% Tween-20), probed with anti-HSET (2.5 μg/ml; Cai et al., 2009) and DM1α (1:10,000; SigmaAldrich) in AbDil-T (20 mM Tris, 150 mM NaCl, pH 7.5, 2% bovine serum albumin, 0.1% Tween-20, 0.1% NaN 3 ), followed by a mixture of sheep anti-mouse immunoglobulin G (IgG) horseradish peroxidase (HRP)-linked whole antibody (1:10,000; Amersham, Piscataway, NJ) and donkey anti-rabbit IgG HRP-linked whole antibody (1:5000; Amersham) in 5% nonfat dry milk in TBS-T and detected with SuperSignal West Pico enhanced chemiluminescence substrates (Thermo Fisher Scientific, Waltham, MA) according to standard protocols. Alternatively, the blots were first probed with anti-HSET (2.5 μg/ml), followed by donkey anti-rabbit IgG HRPlinked whole antibody (1:5000), and detected as described above. The blots were then stripped with Restore Western Blot Stripping Buffer (Thermo Fisher Scientific) and probed with DM1α (1:10,000) and sheep anti-mouse IgG HRP-linked whole antibody (1:5000) and detected as described.
for 24 h and then released into fresh medium containing 0.15% DMSO, 6 μM RO3306, or 6 μM SU6656. The MatTek plates were placed in a stage-top incubator with both temperature and CO 2 control (Tokai Hit, Fujinomyiya-shi, Japan) and imaged by phase contrast microscopy at 20-min intervals overnight starting at the time of drug addition. To visualize chromosome behavior in HeLa GFP-H2B cells with SU6656 treatment, cells were plated and treated as described, but then the MatTek plates were placed in stage-top incubator (Tokai Hit) and imaged with a spinning-disk confocal at 5-min intervals overnight starting at 12 h after drug addition. To visualize cells during RTM, HeLa cells or HeLa cells expressing GFP-HSET were plated at cell densities of 4 × 10 4 cells/ml in MatTek plates and incubated at 37°C and 5% CO 2 for 24 h. Cells were then synchronized with 2 mM thymidine for 24 h, released into fresh medium with 0.15% DMSO, 6 μM RO3306, or 6 μM SU6656, and incubated for 48 h, rinsed twice in drug-free DMEM-complete, and then incubated with drug-free DMEM-complete. The MatTek plate was then placed in a stage-top incubator and imaged using phase contrast microscopy as described. For long-term imaging, cells were treated as before, except that they were plated at 4000 cells/ml and then imaged at a 4-to 6-h intervals using the EVOS FL Auto Digital Inverted Fluorescence System for 12-14 d.
For high-throughput live-cell microscopy, HeLa GFP-H2B cells, HeLa GFP-HSET, or MDA-MB-231 GFP-H2B cells were plated in 96-well Falcon imaging plates (BD, Bedford, MA) at 4000 cells/well and incubated at 37°C and 5% CO 2 for 24 h. Cells were then synchronized with 2 mM thymidine for 24 h, incubated with 0.15% DMSO or 6 μM SU6656 for 48 h, rinsed twice in drug-free DMEM-complete, and incubated with drug-free DMEM-complete. At 7 h after drug washout, cells were imaged with a BD Pathway 855 at 5-or 10-min intervals overnight for 9 h. Cell fate profiles were analyzed using the BD AttoVision software by recording cell morphology from frame to frame.
To visualize kinetochore dynamics during RTM, HeLa cells expressing GFP-CENP-A and GFP-γ-tubulin were plated in 35-mm MatTek plates at 4 × 10 4 cells/ml and incubated at 37°C and 5% CO 2 for 24 h. Cells were then synchronized with 2 mM thymidine for 24 h, incubated in DMEM-complete with 0.15% DMSO or 6 μM SU6656 for 48 h, rinsed twice in drug-free DMEM-complete, and incubated with drug-free DMEM-complete. At 7 h after drug washout, cells were imaged at 5-min intervals using a CV1000 (Olympus Life Science, Waltham, MA) for ∼10 h. For quantification of kinetochore number, the kinetochores were counted after anaphase/telophase when the cells reflattened so that there was better resolution of individual kinetochores. In addition, note that the number of z-sections captured does not encompass the total cell volume, so that the overall kinetochore numbers are less than those quantified from fixed-cell images. For the control cells and for iEC daughter cells, the kinetochores were counted in daughter cells immediately after division. For the iEC kinetochore number, we summed the total number of kinetochores from the two daughter cells.
Immunofluorescence and Western blot analysis
For mitotic stage analysis, HeLa cells, HeLa GFP-HSET cells, or MDA-MB-231 cells were plated on six-well plates with coverslips at 4 × 10 4 cells/ml and incubated at 37°C and 5% CO 2 for 24 h. Cells were synchronized with 2 mM thymidine for 24 h, treated with 6 μM SU6656 for 12-14 h, and then processed for immunofluorescence. Cells were rinsed with 37°C phosphate-buffered saline (PBS; 12 mM phosphate, 137 mM NaCl, 3 mM KCl, pH 7.4) and then fixed in −20°C methanol for 5 min at room temperature and rehydrated in TBS-Tx (20 mM Tris, 150 mM NaCl, pH 7.5, 0.1% Triton by MetaMorph (Molecular Devices, Sunnyvale, CA). Image stacks were collected at 0.2-μm steps through the whole cell volume and then deconvolved using Autodeblur (Autoquant Imaging, Troy, NY) for 10 or 20 iterations.
To quantify kinetochore number in individual cells, the image stacks obtained from microscopy were imported into Imaris three-dimensional (3D) imaging software (Bitplane Scientific, Concord, MA). The number of kinetochores was detected after using the intensity threshold, which was set individually for each image. This process was repeated for at least 50 cells per experiment for three experiments. Data from Imaris were exported to Excel (Microsoft, Redmond, WA).
To measure the fluorescence intensity of GFP-HSET, after 3D reconstruction in FIJI, an equivalently sized box was drawn in the cytoplasm as the background and on the spindle for measurement. Background-subtracted average fluorescence intensity was correlated with the number of spindle poles and plotted as a scatter plot. This process was repeated for at least 50 cells per experiment for three experiments.
FISH signals were counted in mitotic cells at anaphase or telophase to determine the chromosome distribution and calculate missegregation rate. At least 100 cells were counted per experiment for three experiments. The histograms of the chromosome distribution were fit with a Gaussian distribution by Prism (GraphPad Software, La Jolla, CA).
Fixed mitotic iEC daughters for detailed spindle structure were imaged using the OMX 3D-SIM Super-Resolution system (GE Healthcare Life Sciences, Pittsburgh, PA) controlled by DV-OMX software (GE Healthcare Life Sciences). Images were captured at 0.125-μm step size with a UNIPLANAPO 100× (NA 1.4) objective, using NA 1.516 immersion oil. The 405-nm images were acquired for 40 ms at 1% laser strength, 488-nm images for 30-50 ms at 10% laser strength, and 561-nm images for 60 ms at 10% laser strength. Images were processed using SoftWoRx (GE Healthcare Life Sciences, Marlborough, MA) and IMARIS 3D imaging software.
High-throughput microscopy was performed on a BD Pathway 855 high-content bioimager with a Hamamatsu Orca ER cooled CCD camera controlled by BD AttoVision software. The distributions of nuclear sizes were determined by ImageJ from three independent experiments (at least 500 cells per experiment) and graphed using Prism.
Chromosome behavior in HeLa GFP-H2B cells after SU6656 treatment was imaged on a Nikon TE2000U inverted microscope with a 60× (1.4 NA) objective equipped with a Yokogawa CSU-10 spinning-disk confocal head controlled by Nikon Elements. Images were collected on a Cascade-II electron-multiplying CCD camera (Photometrics).
All images were assembled in Adobe Illustrator CS equivalently for control and experimental results. Statistical significance was determined with Student's t test performed in Excel.
Nuclear size measurements
To measure nuclear size, HeLa or MDA-MB-231 cells were plated in 96-well imaging plates (BD Falcon, San Jose, CA) at 4000 cells/ well and incubated at 37°C and 5% CO 2 for 24 h to allow the cells to attach to the wells. Cells were then incubated with 0.15% DMSO or 6 μM SU6656 for 48 or 72 h. Cells were then washed with PBS twice and stained with DRAQ5 (20 μM in sterile H 2 O). Cells were imaged with a BD Pathway 855 high-content bioimager at 37°C and 5% CO 2 .
Flow cytometry
Cells were plated in 10-cm culture dishes (BD Biosciences) at 4 × 10 4 cells/ml and incubated at 37°C and 5% CO 2 for 24 h to allow the cells to attach to the plate bottom. Cells were then incubated with 0.15% DMSO, 3/6 μM RO3306, or 3/6 μM SU6656 for 48 or 72 h. To harvest cells for flow cytometry, cells were released with 0.25% trypsin-EDTA (Thermo Fisher Scientific) and rinsed with cold PBS. Cells were then fixed in 70% cold ethanol and stained with freshly prepared PI stain (20 μg/ml propidium iodide, 1% Triton X-100, and 0.2 mg/ml DNase-free RNase A in PBS). DNA content in fixed HeLa, MDA-MB-231, HCT-116, and RPE-1 cells was evaluated by standard methods with a BD Calibur flow cytometer (BD Biosciences). The percentage of cells at a certain ploidy was quantified as percentage of cells in the area under the individual peaks. Although most cells fall into discrete bins of 2C, 4C, 8C, and so on, there are cells with intermediate DNA content, which are not included in the data plotted as bar graphs.
FISH
For analyzing chromosome segregation, HeLa cells or HeLa cells expressing GFP-HSET were plated at a cell density of 4 × 10 4 cells/ml on coverslips in a six-well plate and incubated at 37°C and 5% CO 2 for 24 h to allow the cells to attach to the coverslips. Cells were then synchronized with 2 mM thymidine for 24 h and released into fresh medium with 0.15% DMSO or 6 μM SU6656 for 48 h. The cells were washed with drug-free DMEM twice and incubated in DMEM-complete for ∼12 h. Cells on coverslips were washed twice with PBS, fixed with 3:1 methanol:acetic acid for 10 min, and washed with fix buffer for 2 min. Coverslips were then pretreated with 2× SSC (15 mM Na 3 citrate, 150 mM NaCl), pH 7.0, and 0.5% NP-40 at 37°C for 15 min. Coverslips were dehydrated by sequential washes in 70, 85, and 100% ethanol at 2 min per wash. Coverslips were hybridized with centromeric FISH probes specific for chromosome 2 or 7 (1:10 dilution in hybridization buffer; Cytocell, Tarrytown, NY), adhered to a fresh slide with nail polish, incubated in a hybridization oven at 75°C for 10 min, and transferred to a 37°C humidified incubator for overnight incubation. The next day, the nail polish was removed and the coverslips were washed with wash buffer II (2× SSC, 0.4% NP-40) for 2 min at room temperature, with wash buffer I (0.4× SCC, 0.3% NP-40) for 2 min at 72°C, and with wash buffer II for 1 min at room temperature. Coverslips were then dehydrated with 70, 85, and 100% ethanol washes at 1 min per wash. After the coverslips dried, the cells were stained with 4′,6-diamidino-2-phenylindole (DAPI; 2 μg/ml in TBS-Tx) for 1 min, mounted with ProLong Gold (Invitrogen), and sealed with nail polish.
